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SW!!K?!
A fixed-priceprocurementcontract for $24.9 mil-

lion was awarded to Aydin Energy Division, Palo Alto,
CA, for the design, manufacture, installation,and
acceptance testing of the sustaining neutral beam
power supply system (SNBpSS). This system is sched-
uled for completion in early 1981 and will provide
the conditionedpower for the 24 neutral beam source
modules. Each of the 24 power supply sets wil1 pro-
vide the accel potential of 80 kV at 88 A, the arc
power, the filament power, and the suppressorpower
for its associated neutral beam source module.

Recent workshops at LLL and LBL resulted in
changes to the neutral beam source module require-
ments that reduce the complexity of SNBPSS and make
the sources easier to operate and less susceptibleto
fault-induceddamage. The accel voltage rise time
was reduced from a maximum of 100Ms to 200u s; the
factor proportionalto perveance was changed to a
variable rather than being a constant of 4 in the
Iarc = k Vacc 1-5 relationship;and multiple
changes were made to the arc source input, one of
which was the added requirementfor an “arc spot”
detector and a fast crowbar circuit for source
protection.

A computer model of the SNBPSS was made by SRI,
consultant to Avdin Enerav Division. and bv LLL for

k

a

the system desi~n and pe~~ormanceconfirma~ion. The
Stanford Research Institute (SRI) computermodel re-
sults led Aydin to make a significantdesign change
from an RC compensateon network at the output of the
accel dc power supply to a shunt switch tube arrange-
ment that is coordinatedwith the series modulator
tube.

System Design

In 1ate August 1978 we awarded a fixed-pricepro-
curement contract for $24.9 million for the design,
fabrication, installation,and acceptancetesting of
the SNBPSS. This system, which is scheduledfor com-
pletion in early 1981, will provide the power condi-
t i on i ng requirements for the twenty-four 80-kV, 80-A,
sustaining neutral beam injectors to be installedon
the Magnetic Fusion Test Facility (MFTF).

Each power supply furnishes a neutral bem in-
jector with 80-kV, 88-A, accelerationpulses of up to
30-s duration repeated at 5-reinintervals. In addi-
tion, each set provides the filament, arc, and sup-
pressor grid power requirementsfor its associated. injector.

System Installation

The 24 acceleratordc power supplies for the sys-. ternwi11 be instal1ed outdoors on a concrete pad next
to the substationsupplied from the dedicated 230-kV
power line. The supplies will be clustered in four

*Work performed under the auspices of the U.S.
Department of Energy by the Lawrence Livermore
Laboratory under contract number W-7405-ENG-48.

groups of six, with each group enclosed within a
single security fence. The pulse power modulators
wi11 be installed on the mezzanine floors in the MFTF
building,with each group of six also enclosed within
a single security fence. The pulse power modu1ators
will consist of the acceleratormodulators and the
associatedfilament, arc, and suppressorgrid power
supplies for the injector. A control console will be
located outside the security fence in Bldg. 431. Any
two of a group of six power supplies can be operated
simultaneouslyfrom this console for acceptance test-
ing or maintenance. For normal operations,the
SNBPSS will be controlled from a central supervisory
computer.

SNBPSS Ccmponent Changes

Recent workshops and discussionsat LLL and LBL
concerning requirementsof the MFTF 80-kV neutral
beam injector sources and the SNBPSS have resulted in
a number of component changes that wi11 reduce the
cc+nplexityof SNBPSS and make the sources easier to
operate and less susceptibleto fault induced
damage.

Figure 1 shows a block diagram of the major
SNBPSS components on the left and a schematic diagram
of the ion source on the right. The SNBPSS compon-
ents are the accel dc power supply, accel modulator,
filament power supply, arc power supply, gradient
grid network, suppressorpower supply, and control
and monitor system. The major parts of the injector
source are the fi1ament, arc anode, entrance grid,
suppressorgrid, and exit grid.

“Thefirst change was to relax the accel voltage
risetime requirementto the sustainingneutral beam
injector source from 2O-1OOUS to 20-200us. This
slow risetime will simplify the accel modulator des-
ign. The second change is to make k, a parameter
that is proportionalto source perveance, into a var-
iable (insteadof a const nt value of 4) in the rela-

1.5. This change willtionship of Iarc = kVacc
make the injectormore tunable and easier to
operate.

Arc Power Supply Requirements

The arc power supply requirementswere reexamined
with two principal goals in mind:

● Incorporationof new requirementsfor injector
protection and control.

. Relaxation of existing requirementswhere pos-
sible to simplify the arc power supply circuit
designed byAydin (Fig. 2). These changes will
provide MFTF with a more reliable sustainingneutral
beam system with a minor cost impact.

New experimentaldata on neutral beam injectors
required the following additionsto the arc power
supply:

● Addition of a crowbar to the output of each
power supply to protect the arc chamber from local-
ized heating during spotting.
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Fig. 1: B1ock Diagram of SNBPSS
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Fig. 2: SNBPSS Arc Power Supply Design
Proposed By Aydin

● Expansion of the control circuitry to permit
open-loop tracking of the accel voltage to the rise
of the arc current with a variable waveshape and with
up to I 1OO-PS time offset (Fig. 3). This provides
the needed flexibilityfor optional injectoropera-
tion.

Major simplificationof the arc power suPPly re-
sulted frcm the following experimentalresults:

● A well-conditionedneutral beam injectorwill
sDark-down no more than two or three times during a
0’.5-spulse.

s A risetime anywhere from 20 to 200#s is suf-
ficient for reliable-injectoroperation.

The reduction in the number of spark-downsen-
ables a substantialcost savings in the arc power
supply. The minimum time between notches can be re-
laxed fran the original requirementof 2.5 ms to 25
ms. This enables the energy dissipator and conmnutat-
ing pulser hardware, shown in Fig. 2, to be eliminat-
ed. This hardware was required to prevent a gradual
buildup in arc current whenever several notches oc-
curred in successionspaced only 2.5 ms apart. The
new requirement of 25 ms between notches eliminates
this hardware and therefore increasesthe reliability
of the power supplY.

The slower risetime of the accel voltage
previouslymentioned results in a slower risetime of
the arc current and permits a major simplification of
the cable between the power supply and the neutral
beam source. With the notcher circuit tuned for a
100+s risetime, the cable inductancecan be raised
from 0.35 to 6#H without greatly affecting the
notcher--chargingcircuit. The cable can be changed
from 126 individualconductors to only six. The
higher cable inductance also makes the notching
characteristicless dependent on both the type of gas
being used in the injector and the individual
injector characteristics.
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Fig. 3: Relationshipbetween arc current
And Accel Voltage

Several other changes made in the arc power
supply requirementshave a minor impact:

● The minimum open circuit voltage was reduced
from 100 to 30 V to reflect new data on arc striking
voltage.

● The minimum arc current was raised from 300 to
600 A.

o The notching depth was changed from below 300
A to 240 A or 20% of the prenotch arc current, which-
ever is greater.

● The requirementof 40#s below 570 A during
the notch intervalwas eliminated.

c The arc current maximum ripple requirementof
4% frcnn300 to 4000 A was changed to a more limited
current range from 1500 to 4000 A with the power sup-
ply operating into an injector arc load.

Changing the minimum open-circuitvoltage re-
quirement permitted eliminationof an auxiliary sup-
ply in parallel with the main arc supply (see Fig.
2). The other changes affect component size but do
not permit component elimination.

A frequent source of potentiallydestructive
faults is the formation of localized internal arcs in
the arc chamber. These faults usually occur between
the arc plasma and the filaments and are fed by the
arc power supply. This process is called spotting
and the localizedarcs are called spots. We will add
a detector to sense the occurrence of spotting. A
fast arc current crowbar will also be added to pro-
tect the injectorfrom spotting by shunting the arc
current rapidly away from the injector arc anode.
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Computer Modeling Verificationof SNBPSS

The SNBPSS design is being verified by computer
modeling of the total system using the EMTP and
SCEPTRE code at LLL and the ASTAP code at SR1. The
LLL study is more of a global analysis,with emphasis
on protecting the neutral beam sources and preventing

. harmful interactionsbetween power supply subsystems;
SRI is concentratingmore on the Aydin power supply
design. ASTAP was used by Aydin and SRI to analyze
the Princeton TFTR modulator regulator.

v
EMTP Code

The EMTP code is being used to model the
230/13.8-kVpulse-powersubstation and 12 accel dc
power SUPP1ies. We are investigatingthe effect on
system performance resulting from failure of major
components;for example, an internal arc ip the modu-
lator tube. Should this arc occur, the crowbar in
that power supply is automaticallyswitched on. This
causes the dc output voltage in the 11 adjacent power
supplies to drop nearly 7 kV in the 25 ms required to
interruptpower to the disabled power supply. One of
two steps must then be taken: Either we turn off the
11 power supplies, or we reduce accel current to the
neutral-beamsource modules. Experience at Los
Alamos Scientific Laboratory (LASL) using similar
modulator tubes indicatesthat crowbars due to modu-
1ator tube arcs should not occur more often than once
every 200 h of tube operation.

SCEPTRE Code

The SCEPTRE code is used to model the pulse-power
modulator and the neutral beam source cable. Accel
current waveforms as a function of modulator turn-off
times, cable capacitance,and snubber designs are
being studied.

ASTAP Code

ASTAP is a very powerful analyticaltool that can
model very complex circuits, such as the one shown in
Fig. 4. One section of the extended delta rectifier
transformerfor the accel dc power supply (Fig. 5)
and the rectifier assemble (Fig. 6) were modeled to
evaluate the effects of switching the high-voltage
output of the dc power SUPP1y into a 1000-ohm resis-
tive load. The data (Fig. 7) show the effect of the
switching transient on the power suPply voltage.

Aydin was faced with two design constraints. One
was the power rating of the primary ac equipment such
as the tap switch voltage regulator,the rectifier
transformer,and the rectifiers. To control equiP-
ment costs and minimize the power dissipated in the
output series resistor, it was necessary to hold the
dc output voltage to a value as low as possible. The
other constraintwas to maintain an adequate voltage
drop across the series tube of at least 6 kV to allow
for continuous regulation. The 6 kV is required so
that even with 2 kV of ripple on the dc voltage and 1
kV of short term ac voltage change, there will always
be at least 1 kV anode-to-screenvoltage and 2 kV
screen-to-cathodevoltage.

Figure 7 shows the data from an SRI computer run
showing the input voltage to the series regulator
tube with a 61#f capacitor bank in the compensation
network. Notice that the undershoot at turn on re-
duces the voltage level to 86 kV, the minimum value
permitted to maintain regulationwith 80 kV being
supplied to the load. For the remairiderof the
pulse, the anode voltage is 90 kV; the anode to

cathode voltage is 10 kV. This means that the aver-
age tube dissipationduring the on time is near the
maximwn rated tube dissipationof 1 MW.
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Fig. 4: SNBPSS One Line Diagram
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Fig. 5: Extended Delta Rectifier
TransformerASTAPComputer Model

Fig. 6: Rectifier Assembly
ASTAP Computer Model

.-

—



115 ! [“’’ 1’’’’ 11’’ 11’! ’’[11’’ 1’” ‘l”-

110 -

s
g 105 .
>x
I 100 2

8
3 95 :

g
&

90 -

85-JJ’’’’’’’’”” , Iii!, l,, ,il, ,,11, ,,c
o lo203040a08070 m

Ttme - ms

Notes:
lG, 12P, P&W, 61.4PF, 227.9 Q &3.5 fS+ lfKI Sl, 8 MVA
PPSM2G-5140

Fig. 7: The Accel dc P.S.
Output Transient Voltage

The size and cost of the 61-#f, 120-kV capacitor
bank was excessive, so Aydin developed an alternate
design. They used a second CQK 200-4 tetrode as a
shunt conditioningswitch. It will be turned on
slowly ‘(5Oto 100 ms) so that the transient effects
on the primary power 1ine are minimal. Once the
predicted output current is achieved,the shunt tet-
rode wi11 be switched off and the series tube switch-
ed on simultaneously. Ideally, this operationwill
have no effect on the primary 1ine since the current
it is deliveringwill not change. To compensatefor
slight timing variations during the switching oper-
ation, a 5-pf capacitor is PIaced across the shunt
tube. When the pulse is terminated,the series tube
is turned off and the shunt tube is turned ful1 on,
and then slowly ramped down to zero. Figure 8 shows
the simplified one-line diagram of the present pulse
power modulator using the shunt conditioningswitch.
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Arc Power Supply Transformer Design

The analysis by SRI was also instrumentalin dev-
eloping information in the design of the arc power
supply transformer. It was determinedthat all pub-
lished informationon calculatingtransformerreact-
ance had significanterrors when dealing with 12
pulse rectifier systems where the transformerreact-
ance was purposely maintained at very large values
(50% and higher). The mutual inductancesbetween
every winding and every other winding have to be de-
termined and fed into the model in order to obtain
accurate results. Since Aydin had not experienced
this requirementbefore, prototype transformershad
to be built and measurementstaken.

Conclusions

A single contract was awarded to design, fabri-
cate, install and perform the acceptancetests of the
total SNBPSS system. With a single contractor having
full system responsibilityit has been possible to
have close liaison and frequent workshops that have
resulted in design optimization.

Computer modeling has been an importanttool in
developing the SNBPSS design with the ASTAP code
being used by the contractor and the EMTP code being
used by LLL. The performanceof the arc power sup-
ply, the filament power supply and the pulse power
modulator were improved by the use of the computer
models.
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Fig. 8: Pulse Power Modu1ator
Using The Shunt ConditioningSwitch


